Neutron scattering techniques offer several unique opportunities in materials research. However, most neutron scattering experiments suffer from the limited flux available at current facilities. This limitation becomes even more severe if time-resolved or kinetic experiments are performed. A new method has been developed which overcomes these limitations when a reversible process is studied, without any compromise on resolution or beam intensity. It is demonstrated that, by recording in absolute time the neutron detector events linked to an excitation, information can be resolved on sub-millisecond timescales. Specifically, the concept of the method is demonstrated by neutron reflectivity measurements in time-of-flight mode at the Liquids Reflectometer located at the Spallation Neutron Source, Oak Ridge National Laboratory, Tennessee, USA, combined with in situ rheometry. The opportunities and limitations of this new technique are evaluated by investigations of a micellar polymer solution offering excellent scattering contrast combined with high sensitivity to shear.
Neutron scattering techniques offer several unique opportunities in materials research. However, most neutron scattering experiments suffer from the limited flux available at current facilities. This limitation becomes even more severe if time-resolved or kinetic experiments are performed. A new method has been developed which overcomes these limitations when a reversible process is studied, without any compromise on resolution or beam intensity. It is demonstrated that, by recording in absolute time the neutron detector events linked to an excitation, information can be resolved on sub-millisecond timescales. Specifically, the concept of the method is demonstrated by neutron reflectivity measurements in time-of-flight mode at the Liquids Reflectometer located at the Spallation Neutron Source, Oak Ridge National Laboratory, Tennessee, USA, combined with in situ rheometry. The opportunities and limitations of this new technique are evaluated by investigations of a micellar polymer solution offering excellent scattering contrast combined with high sensitivity to shear.
Introduction
Neutrons, when used as a structural probe for materials science, have some particularly useful advantages over other probes such as X-rays, including a high penetration power, isotopic and magnetic sensitivity, and low radiation damage. These properties allow researchers to answer unique scientific questions in many fields, e.g. soft-matter science or magnetism.
One particular goal of scattering experiments is to relate macroscopic properties, for example conductivity or viscosity, to the microscopic structure in order to allow the efficient bottom-up development of materials with properties tailored for specific applications.
As an example, small-angle X-ray (SAXS) and neutron scattering (SANS) have been used to resolve the equilibrium structure of block copolymers during shearing in a Couette or cone/plate shear cell (Ackerson & Clark, 1981; Berret et al., 1996; Hamley et al., 1998; Zipfel et al., 1999; Mortensen et al., 2002; Jiang et al., 2007; McMullan & Wagner, 2009) . It has been shown that vesicles formed by a surfactant solution stretch along the flow direction and a butterfly-shaped scattering pattern develops while the sample undergoes shear thinning (Zipfel et al., 1997) . More recently, position-resolved experiments probing different regions along the flow profile have become possible. It has been shown for many materials that individual shear bands may differ in their micellar structure or orientation (Lerouge et al., 1998; Liberatore et al., 2006; Olmsted, 2008; Helgeson et al., 2009 ). To access non-linear rheology, large-amplitude oscillatory shear (LAOS) tests can be performed (Hyun et al., 2002 (Hyun et al., , 2011 . It has been shown that time-resolved measurements during the load cycle can be done in situ using SAXS to portray structural changes (Shin et al., 2000) . Recently, the first time-resolved SANS experiments on samples undergoing LAOS were performed and it has been shown that the structural changes in a liquid under shear can be resolved with a 100 ms time resolution (Ló pez-Barró n et al., 2012) .
A solid's boundary with a liquid is an interesting region in terms of fluid mechanics, as the boundary conditions imposed by a surface can greatly influence the flow profile. Traditionally, in hydrodynamics it is assumed that the first liquid layer travels at the same speed as the adjacent solid boundary. However, recent measurements with improved instrumental resolution have shown that this assumption is not fulfilled in all cases and that a large boundary slip is observed in many systems (Neto et al., 2005; Fetzer et al., 2007) . Previously, neutron reflectometry and grazing-incidence neutron scattering experiments have provided valuable insights into the structural changes of other systems close to a solid boundary when subjected to flow. For instance, it has been reported that a polymer solution forms a directed hexagonally oriented crystal close to a solid boundary when subjected to flow (Hamilton et al., 1999) . Additionally, by modelling the specularly reflected intensity, the depth profile of the density of a liquid close to a solid substrate can be extracted and it has been shown that a surface-depleted layer can not be used to explain surface slip (Gutfreund et al., 2011) .
To explore these phenomena in greater detail we have combined neutron reflectometry with in situ rheology (Wolff et al., 2013) . This method permits the study of the near-surface structure in liquids under a well defined deformation. To the best of our knowledge, there are no other techniques that could provide this information. Here, we demonstrate that this technique can be further expanded by using time-resolved data collection, ultimately allowing the tracking of structural changes during an oscillatory cycle.
We have performed time-resolved in situ rheological measurements on a micellar solution [20% F127, a linear triblock copolymer (Sigma-Aldrich), in deuterated water] undergoing shear thinning (Jiang et al., 2007) to demonstrate that, by recording the neutron data in event mode and absolute time, together with the response from the rheometer, the near-surface structure of the sample can be investigated on a sub-millisecond timescale.
We would like to point out that our approach is not specific to neutron reflectometry but can be applied to any neutron scattering technique. It has also been used with in situ highfrequency electric fields and load-frame applied stress on the engineering diffractometer Vulcan at the SNS [Spallation Neutron Source, Oak Ridge National Laboratory (ORNL), Tennessee, USA; An et al., 2013] . Moreover, no compromise on intensity or resolution is imposed on the measurement, since only the method of storing and treating the data needs to be adapted. Measurement of cyclic processes using eventmode data acquisition allows the use of information that would otherwise be lost through only recording the integrated intensity. This method then permits an integration to be performed over any time window required in order to obtain sufficient counting statistics for data analysis.
Instrumental settings
The experiment was conducted on the Liquids Reflectometer (LR) at the SNS. The LR offers a 60 Hz pulsed polychromatic neutron beam with a wavelength range = 2.5-17.5 Å extracted from a coupled supercritical hydrogen moderator.
The bandwidth of the instrument is 3.25 Å with an intrinsic wavelength resolution of 0.4%. On a time-of-flight (TOF) instrument such as this, the wavelength is calculated from the time elapsed between the proton pulse on the target and the detection of the neutron. The two-dimensional detector on the LR features a spatial resolution of 1.3 mm combined with a time resolution of 100 ns. An Anton Paar Physica 501 rheometer with a titanium cone of 50 mm diameter and 1 cone opening was used, as described previously (Wolff et al., 2013) . The strain signal from the rheometer was recorded in a similar manner to the neutron data.
The scattering geometry is depicted in Fig. 1 . During the experiment, a neutron beam enters a thick single-crystalline silicon substrate (70 Â 70 Â 10 mm) on the narrow side and is reflected from the solid-liquid boundary into the positionsensitive detector. For the present experiment, we chose an angle of incidence i = 0.600 AE 0.017 and a wavelength range of 2.3-5.3 Å . These values were selected to probe the periodicity formed by the sample described below. The sample-todetector distance L 2 was 1.28 m. The distance L 1 from the moderator to the sample was 13.6 m. The experimental schematics are visualized in Fig. 2 .
In order to allow time-resolved measurements, all data were collected in event mode, together with the strain values from the rheometer, and synchronized on an absolute timescale. In event mode, each neutron is detected at an absolute time and position on the detector. Integration of the neutron arrival events to form complete reflectivity data sets was performed after the experiment, using the correlation between the neutron events and the oscillatory cycle. This has a significant advantage over the TISANE technique (Wiedenmann et al., 2006; Kipping et al., 2008) , where the neutron data collection and the excitation need to be synchronized in order to avoid a smearing of neutron arrival times over different points in the duty cycle. Most notably, using this technique, the sample excitation need not be in phase with the 60 Hz neutron pulses. All wavelengths hit every time position of the excitation, on average, which prevents the results from being biased by an unwanted stroboscopic effect. To allow time-resolved experiments on very short timescales, we combined the idea of accumulating data over time (Dalgliesh et al., 2004 ; Ló pez-Barró n et al., 2012) with the event-mode capability offered by default at the SNS. Specifically, we read the strain output signal from the rheometer and included it as an offset pixel, i.e. The scattering geometry used for the neutron reflectivity measurements combined with rheology (Wolff et al., 2013) . The neutron beam impinges on the liquid sample by traversing a single-crystalline block of silicon. k and k 0 symbolize the wave vectors of the incident and scattered neutron beams, respectively.
Figure 2
A schematic diagram of the experimental setup. The rheometer and neutron data are stored in GPS-based absolute time and synchronized via fibre-optic links. L 2 denotes the distance between the sample and the detector and L 1 the source-to-sample distance. metadata, in the regular data-acquisition system, using a highperformance 16 bit analogue digital conversion card with an adaptive sampling rate of up to 100 kHz and a time jitter of less than 20 ns. Therefore, the influence of the sampling rate and the time jitter were assumed to be negligible. Hence, all data reduction and metadata correlation is done in postprocessing, without loss of information from the recorded data. The basic idea is to collect every neutron event datum in synchrony with the strain state and then plot a histogram of the neutron times of flight for specific values of strain. This approach results in a snapshot of the morphological effects at the liquid-solid boundary.
Sample
The substrate was an Si(100) crystal of dimensions 70 Â 70 Â 10 mm (CrysTec, Germany). The polished surface was cleaned with ethanol, 99% aqueous solution, prior to measurement and then blown dry with nitrogen.
Pluronic F127 (EO 99 -PO 65 -EO 99 ; EO is ethylene oxide and PO is propylene oxide) was purchased from Sigma-Aldrich, USA, and used without further purification. F127 is a linear triblock copolymer with a nominal molecular weight of 12 600 g mol À1 and a weight fraction of poly(ethylene oxide) of approximately 70% (Hyun et al., 2006) . In the investigated concentration range and at room temperature it self-assembles in water into micelles having a hydrophobic core and a hydrophilic shell. The micelles crystallize into a face-centred cubic (f.c.c.) structure under well defined conditions, such as high temperature or high concentration. The bulk properties of this material are well known (Wanka et al., 1994) and the phase diagram is depicted in Fig. 3 . We selected a concentration that would place the phase transition from a micellar liquid to an f.c.c. crystal near to room temperature by diluting F127 to 20% in D 2 O (equivalent by weight). This concentration has the advantage that the sample can be melted and recrystallized relatively easily during the experiment, allowing for quick reproducibility checks. Temperatures close to ambient also avoid excessive evaporation or condensation of the water, which would change the polymer concentration during the measurements. It has been reported that the properties of the interfacial layer of the polymer solution depend strongly on the surface treatment of the substrate (Wolff et al., 2005 (Wolff et al., , 2014 . Additionally, pre-crystallization at the liquid-solid interface has been observed (Gerstenberg et al., 1998) . The polymer was diluted and mixed below 285 K, above which micelles start to form. The sample was stirred by a magnetic stirrer at this low temperature until a homogeneous transparent solution formed (Song et al., 2000) . It is important to note that this sample is known to have a large scattering contrast for neutron scattering studies if solved in heavy water (Mortensen, 1996; Jiang et al., 2007; Wolff et al., 2013) , together with interesting surface and shear properties (Hyun et al., 2006; Wolff et al., 2014) .
A solvent trap was used to prevent the evaporation of solvent, D 2 O, during the experiment. The sample was renewed each time a new rheological test was started, resulting in a maximum exposure of 30 min for each sample.
Prior to all shear experiments, the sample was cooled into the liquid phase and kept at low temperature (i.e. 285 K) for 10 min. This removes all shear-induced changes and memory effects. The sample was then heated to 298 K, the temperature at which the experiment was performed. The structure of the sample was always verified by a neutron data set before and after changing the temperature. Phase diagram for F127 dissolved in water (Wanka et al., 1994) .
Results

Figure 4
Data set taken with the sample at the maximum of an oscillatory deformation of 5000% and 1 Hz. Data are plotted versus wavelength and scattering angle, and integrated over the full time period of the measurement.
ordering is visible. At the specular position of the Bragg rod, an intense, sharp and narrow peak is found.
The data are normalized to the wavelength spectrum of the incident beam (measured separately using attenuators) and renormalized accounting for the proton charge of every pulse producing neutrons. In order to allow time-resolved experiments, these data have to be integrated over time windows defined by the motion of the cone of the rheometer. Fig. 5 depicts one cycle of oscillation, together with the time windows into which the neutron data were rebinned.
An example of intensity as a function of the scattering vector magnitudes q z and q x for 5000% strain amplitude and 1 Hz frequency at maximum deflection is given in Fig. 6 . In addition to integration in time, the data have been transformed into momentum transfer space and rebinned on an orthogonal grid using the following relations:
where the incident angle is given by i = 0.6 , f is as defined above and is the wavelength of the incident radiation. Each data set was counted for 30 min and chopped into 50 slices in order to resolve the sine waveform of the excitation (see Fig. 5 ). This results in an integrated counting time of a little more than half a minute in each strain-time bin.
For the following discussion, we will focus on the intensity of the first-order Bragg reflection. In order to extract the absolute intensity of the specular part of the Bragg reflection, a two-dimensional Gaussian fit of the peak, marked by the rectangular area in Fig. 6 , was performed.
The summarized results for 1 Hz/5000% and 1 Hz/100% are depicted in Figs. 7 and 8. For 1 Hz and 5000% deformation, the intensity of the Bragg reflection clearly follows the periodic excitation. It can be seen that the intensity decreases during the application of high shear rates (maximum slope in the deformation) and reorganizes during periods of low shear. This effect is not visible for 1 Hz and 100% deformation, During analysis, the data are rebinned in time. The figure depicts an example of the integration into ten time channels during one duty cycle of the rheometer, together with a smoother histogram using 50 time slots (small inset at the bottom right).
Figure 6
A typical picture of the absolute normalized intensity in momentum transfer space for 5000% strain amplitude and 1 Hz frequency at the maximum deflection. Notice the strong peak on the specular ridge.
Figure 7
The absolute integrated intensity for the example case of 1 Hz and 5000% LAOS.
Figure 8
A sample of the data for one of the settings, 1 Hz and 100% LAOS, showing that the intensity is constant over the full duty cycle.
proving that the measured effect is real and not merely an artefact of the measurement.
The fact that the Bragg intensity follows the external excitation in one case but not the other makes it possible to extract a relaxation time for the crystal, as well as a critical deformation for which the crystal becomes affected by shear at the surface. Interestingly, an asymmetry between loading and unloading is visible as well. Additionally, a notable phase lag is visible. This is common for complex liquids, which typically show retarded response functions. The fine time step of 20 ms was chosen so as to provide good counting statistics for the corresponding neutron reflectivity data. Increasing the frequency or prolonging the data acquisition beyond the 30 min per sample shown here would allow access to reflectometry data with a similar experimental uncertainty to much shorter time steps. Fig. 9 shows the effect of much smaller time steps and higher frequencies with 5000% and 10 Hz LAOS. Here, the technique was pushed to its limits. Naturally, the statistics suffer from increasing the time resolution. Interestingly, in this case not only does the intensity follow the external excitation but additional peaks also become visible. These might be related to the formation of shear bands and/or strain overshoot. A detailed discussion of the respective effects goes beyond the scope of this paper and will be presented in a future publication. However, for the moment it is important to note that the peaks show a steep rise on the left-hand side. This demonstrates experimentally that the time resolution of our technique is better than 0.5 ms.
Discussion
In this section we will discuss the opportunities and limitations of the technique presented above. The time resolution of the experiment is intimately linked with the possibility of measuring the precise time of flight of the neutrons and the separation of different wavelengths. In order to analyse the data, first the distance L 1 = 1.28 m between the rheometer and the detector has to be taken into account and each wavelength has to be corrected for this distance, since the time the neutron needs to travel from the sample to the detector is finite, in our case 0.77 ms for = 2.3 Å and 1.7 ms for = 5.3 Å . This differs from X-rays, which travel at a speed independent of the wavelength and arrive at the detector just nanoseconds after the scattering event. Assuming elastic scattering allows us to apply a chromatic time-of-flight correction, linking the neutron events to the excitation (see Fig. 2) .
The maximum achievable time resolution T r is given by the following equation and can easily be derived geometrically (see Fig. 10 ):
with L 2 = 13.6 m and L 1 = 1.28 m leading to a value for T r of 8.6% of the pulse time uncertainty T eff . This value is defined by the emittance spectrum of the moderator and is ultimately limited by the upper and lower thresholds of the wavelengthdependent time resolution of T e = 40-140 ms for neutrons of = 2.5-10 Å , respectively. We note here that the wavelength- dependent time resolution T e is defined by the moderator and is in practice assumed to be the worst case of the pulse time uncertainty T eff . The resulting value is thus significantly smaller than the counting time required to achieve sufficient intensity in the data acquisition. This calculation is identical to the TISANE technique (Wiedenmann et al., 2006; Kipping et al., 2008) , but our approach does not require total synchronization of the sample and the pulse repetition, and therefore the resolution is not influenced by synchronization uncertainties. This is a particular advantage at spallation sources, where the pulse length and repetition rate are given by the source and can not be tuned continuously as at a continuous reactor source. In addition, tuning of the pulse repetition frequency and pulse length go hand in hand with a loss in neutron flux, which is avoided by our approach so that the full brilliance of the source can be exploited. Moreover, this approach allows greater flexibility regarding the experiments, since all the analysis is done in the post-processing. It is possible to go back to the raw data and perform an appropriate rebinning to highlight any physical features found in the data after the experiment has been finished. It is also important to note that our approach does not necessarily depend on the pulse length of the source or on the repetition rate, since typically a longpulse source like the ESS (European Spallation Source, Lund, Sweden; Peggs, 2012) will offer a much larger distance between the source and the sample compared with the sampleto-detector distance. In the following, we will discuss the optimized setup for different scenarios in terms of both dynamic range and time resolution.
The neutron penetration depth for the incident angle used here is 110 mm for the given wavelength range. In previous studies, it has been shown that the influence of the surface reaches 50 mm into the material (Wolff et al., 2014) .
In addition to the effect mentioned above, the chromatic velocity deviation from the point of scattering influences the scattering pictures for each wavelength. The time of flight from the scattering event to the detector is given by the equation
where m represents the neutron mass and h represents the Planck constant. This implies that, for the present experiment, the neutrons from the front of the sample and those from the back hit the detector at a different excitation time phase. This effect gives an additional limitation regarding the time resolution for our approach. For a sample that is not over-illuminated, the time-resolution dependence of the sample length and neutron wavelength range can be calculated from the following formulae derived geometrically via ray tracing:
Át ðsÞ ¼ t ðD 2 Þ À tðD 1 Þ; ð5Þ
where s v represents the height of the second slit, dist is the sample-slit distance and i is the angular divergence. Ignoring ballistics, D 2 and D 1 depict, respectively, the longest and shortest possible neutron path from the slits to the sample. These two paths set the outer and inner boundary of the footprint. It is notable that this describes the worst possible case, since the intensity of the footprint has a trapezoidal shape (as depicted in Fig. 11 ). These effects imply 63 ms for neutrons of = 5.3 Å and 27 ms for neutrons of = 2.3 Å , which constitute the ultimate limits on the time resolution but are still smaller than the neutron time bins of 100 ms. However, it is important to note that this effect is specific to reflectometry experiments, where large sample areas are used. If this approach were transferred to other techniques, they would not suffer from such effects. An additional uncertainty, specific to the present experiment, is that our measurement averages over different flow directions, parallel and perpendicular to the neutron beam, as visible in Fig. 11 . This can be avoided by narrowing the beam down and probing the central or outer part of the cone-plate rheometer separately.
Additionally, as a result of gravitational effects, slow neutrons lose more height during their travel than fast neutrons in the horizontal sample geometry used here. In the reported settings this makes the illuminated area wander by 292 mm and is hence assumed negligible.
Conclusions
We have shown that the scattering signal at a time-of-flight instrument can be resolved with 100 ms time resolution. This enables 'real-time' probing of boundaries for a reproducible excitation, e.g. oscillatory shear. The limitations and opportunities have been discussed, including the theoretical limit for the resolution of the technique. Realistically, processes down A life-size picture of the experimental dimensions. The sheared area, a to 200 ms, i.e. twice the resolution, can be investigated by our approach.
Considering the accessible timescale of neutron spin-echo instruments, which can be in the range 1 ps-400 ns (Mezei, 1980; Richter et al., 2005; Ohl et al., 2012) , this almost closes the gap to allow timescales from picoseconds to seconds to be accessible with neutrons if a reversible process is probed. This includes pump-probe measurements, where a pulse-like excitation on a sample is probed with different delay times of the neutron pulse. Possible applications of our approach, other than rheology, are magnetic relaxation, the dynamics of nematic crystals, piezoelectric behaviour and mechanical hysteresis, to name just a few examples.
We have shown that the inclusion of metadata as events in neutron event mode gives rise to new opportunities. Without any compromise in intensity or resolution, time-resolved data can be collected at the expense only of data storage capacity and processing time.
Another distinct advantage of conducting the binning of the data in accordance with the metadata in the post-processing is that no information is lost and therefore one always has the option of going back to the original data.
This opens up the possibility of double-checking the stability of the experimental conditions as well as excluding sample degradation. In addition, the original data are available at a later stage for data mining and re-evaluation, as is successfully performed in astronomy, for example. Our work clearly shows the usefulness of storing data in event mode and performing the data treatment in post-processing, and we call for this type of data storage at all neutron scattering facilities.
